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Transcriptional regulation of the NPT2 gene by dietary phos- Pi transport activity. The analysis of the Na-dependent
phate. Dietary phosphate (Pi) is an important regulator for renal Pi uptake at one minute revealed an approximately 1.7-
Pi reabsorption. The type II sodium-dependent phosphate (Na/ fold increase in these mice compared with mice that re-Pi) cotransporters (NPT2) are located at the apical membranes
ceived a control Pi diet (P  0.01; Fig. 1A). As shown inof renal proximal tubular cells and major functional transport-
ers associated with renal Pi reabsorption. The yeast one-hybrid Figure 1B, the type II Na/Pi cotransporter NPT2 mRNA
system was used to clone a transcription factor that binds to levels were significantly increased (1.8-fold) in the mice
a specific sequence (Pi response element) in the promoter of fed the low-Pi diet for four days. In addition, the amountsthe NPT2 gene. Two cDNA clones that encoded protein of
of the NPT2 protein (the 80 to 90 kD bands) were sig-the mouse transcription factor E3 (TFE3) were isolated. TFE3
nificantly increased (2.5-fold for the 90 kD band) com-may participate in the transcriptional regulation of the NPT2
gene by dietary Pi. pared with those in mice fed the control diet (Fig. 1C).
In contrast, the high-Pi diet significantly suppressed the
three parameters: transport activity, mRNA, and protein.
The regulation of inorganic phosphate (Pi) in the hu- This study examined the in vitro transcription in iso-
man body is controlled mainly by reabsorption in the lated nuclei of renal cortex cells from mice fed the low-
proximal tubules of the kidneys [1]. Apical Na-depen- Pi diet. As shown in Figure 1D, the transcriptional activ-
dent phosphate (NaPi) cotransport is central to the renal ity in the NPT2 gene is significantly increased in the
proximal tubular reabsorption of Pi [1]. Studies of iso- mice fed the low-Pi diet compared with those in the mice
lated kidney tubules and of brush-border membranes fed the control Pi. The transcriptional activity of the type
have demonstrated that the physiological regulation of I Na/Pi cotransporter NPT1 gene was not significantly
proximal tubule Pi transport involves complex hormonal different between the normal-Pi and low-Pi groups. Thus,
and metabolic factors that affect the activity or expres- the elevation (1.8-fold) of the NPT2 mRNA levels in the
sion of the transporter molecules [1]. A major regulator mice fed the low-Pi diet was caused, at least in part, byof the NaPi cotransporter is dietary Pi [2–5]. Dietary Pi
the increase in the transcription of the NPT2 gene [8].restriction is associated with an adaptive increase of the
overall proximal tubular capacity to reabsorb Pi [2–5].
Alterations of the dietary intake of Pi lead to an adapta- AN E BOX AT 1010 TO 985 PLAYS AN
tion of renal Pi transport activity independent of extra- IMPORTANT ROLE IN THE RESPONSE
renal factors such as parathyroid hormone (PTH), growth TO DIETARY Pi
hormone, and vitamin D [1, 6, 7]. The molecular mecha- To clarify the protein binding region in the NPT2 gene
nisms of this adaptation are unknown. promoter induced by the feeding of a low-Pi diet, DNase
footprint assays were performed using nuclear extracts
from the renal cortex isolated from mice fed a low-PiEFFECTS OF A LOW-Pi DIET ON THE
diet. The footprints in the nuclear extract isolated fromEXPRESSION OF THE TYPE II
TRANSPORTER GENE mouse renal proximal tubular cells had a series of hyper-
sensitive sites in common and a protected region ex-Brush-border membrane vesicles (BBMVs) isolated
tending from2018 to1996 nt (FP-1),1556 to1535from renal proximal tubules of mice fed a diet low in Pi
nt (FP-2), and 1010 to 985 nt (FP-3) relative to thefor four days were prepared and used for the assay of
transcription start site of the NPT2 gene that may indi-
cate the binding of a factor in mouse kidneys. ComparingKey words: transporter molecules, yeast one-hybrid system, transcrip-
these elements between the mice fed the low-Pi andtion factor, proximal tubules, Pi response element, low protein diet,
hyperparathyroidism, TFE3. high-Pi diets, the extent of the protection at 1010 to
985 nt (FP-3) was significantly different between these 2001 by the International Society of Nephrology
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cDNA for TFE3. TFE3 is a DNA-binding protein that
activates transcription through the mE3 site of the immu-
noglobulin heavy-chain enhancer [9, 10]. To isolate the
functional TFE3 full-length cDNA clone, the mouse kid-
ney cDNA library was screened (from mice fed a low-
Pi diet), and the TFE3L and TFE3S cDNA clones were
isolated. The full-length TFE3 was termed TFE3L, while
TFE3S was the isoform for the TFE3L and was truncated
at the N-terminal region (transactivation domain) of
TFE3L (Fig. 4).
FUNCTIONAL ANALYSIS OF THE EFFECTS OF
TFE3L AND TFE3S ON THE TRANSACTIVATION
OF THE NPT2 GENE PROMOTER
Fig. 1. Effects of dietary Pi on Pi transport activity, type II transporter
To determine whether TFE3 can activate the transcrip-mRNA, and protein levels in mouse kidney. Brush-border membrane
vesicles (BBMVs) were isolated from mice fed the test diet [a low-Pi tion of the NPT2 gene, the TFE3L cDNA was cloned in
diet (LP), a normal-Pi diet (CP), or a high-Pi diet (HP)] for four days. a mammalian expression vector, and the vector was co-
Na-dependent Pi transport activity (A) and the amounts of NPT2
transfected with the NPT2 gene promoter (1289 to54)protein (C) were determined as described [8]. The levels of NPT2 mRNA
were determined using Northern blot analysis (B). The density of the linked to the luciferase reporter gene (p3P1170WT) in
signals was measured using an imaging analyzer (Fuji-BAS2000, Tokyo, COS-7 cells. TFE3L stimulated the luciferase activity six-
Japan). (D) In vitro transcription in isolated nuclei of renal cells from
fold compared with that of the control vector (Fig. 4).mice fed the low-Pi diet. Nuclei were isolated from the renal cortex of
TFE3S also stimulated the transcription (2.8-fold). TFE3Lmice fed a normal-Pi diet (CP) or four days after the change to a low-
Pi diet (LP) and were assayed for transcription in vivo. 32P-labeled induced the luciferase activity in the COS-7 cells trans-
transcripts were hybridized to NPT1, NPT2, and GAPDH cDNA. Lane fected with the NPT2 gene promoter with the mutationCP, the normal-Pi diet; lane LP, the low-Pi diet.
of the PRE (p3P1170MT), but the induction was lower
compared with that in the p3P1170WT clone (Fig.4).two groups of animals. However, the other protected
regions were not changed by the deprivation of dietary
Pi. We designated the FP-3 position as Pi response ele- WHAT IS THE NATURE OF THE
ment (PRE; Fig.2). Pi-RESPONSIVE FACTOR?
The sequence of the PRE was very similar to those
in the Pi-response element for the promoter of the PiFUNCTIONAL ROLE OF PRE IN
transporter gene PHO84 and acid phosphatase gene PHO5THE NPT2 PROMOTER
in the yeast Saccharomyces cerevisiae [11, 12]. This ele-The role of the PRE in the basic promoter activity of
ment is known to be a Pho4 binding site. Pho4 is a helix-the NPT2 gene was investigated. The vector (p3P1170)
loop-helix transcription factor for the genes associatedwas constructed with the NPT2 gene promoter (1289
with yeast Pi metabolism [11, 12]. An electrophoreticto 54 nt), which contains the PRE (110/985 nt),
mobility shift assay (EMSA) demonstrated the forma-linked to the luciferase reporter gene in opossum kidney
tion of two complexes between oligonucleotides con-(OK) cells. Transfection of p3P1170 into OK cells showed
taining PRE and nuclear extract. The binding of thea sixfold increase in the activity of control vector-trans-
sequence with isolated nuclei was detected in the micefected OK cells. Mutation of the E box in the PRE
fed the low-Pi diet, but not in those fed the normal diet.(p3P1170MT) markedly decreased the basic promoter
The formation of the DNA/complex was inhibited inactivity, suggesting that the PRE is important for the
the presence of an oligonucleotide containing the Pho4expression of the NPT2 gene in OK cells [8].
binding site of the yeast Pho84 gene promoter.
Factors binding to the CACGTG motif have been
CLONING THE PRE BINDING PROTEIN BY shown to belong to the c-myc family. While many mem-
THE YEAST ONE-HYBRID SYSTEM bers of this family have been identified, TFE3 is the
predominant factor in renal extracts that binds to theTo begin to identify some of the proteins that bind this
segment, DNA (nucleotide positions from 1010 to 985) PRE in vitro. A recent study demonstrated that the TFE3
gene was a candidate for papillary cell carcinoma [13],was used as an upstream activating sequence (UAS) of
the reporter gene’s promoter in the yeast one-hybrid suggesting that the gene may function as the tumor re-
pressor in renal cells. In addition, Hua et al reportedsystem, and then it was screened with a mouse kidney
cDNA library (Fig. 3). One cDNA contained an almost that TFE3 is an important transcription factor in at least
one transforming growth factor- (TGF-)–activatedfull-length coding sequence for the mouse transcription
factor E3 (TFE3), and the other was a shorter partial signal transduction pathway [14]. TGF- is known to
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Fig. 2. The proximal NPT2 promoter sequences and the location of phosphate responsive element (PRE).
Fig. 3. Cloning of DNA-binding proteins using
the yeast one-hybrid system. A reporter gene,
NPT2 PRE-CYC1-HIS3, for yeast one-hybrid
study was constructed as follows: The S. cere-
visiae HIS3 coding region connected down-
stream of the UAS-less S. cerevisiae CYC1
promoter was constructed on a pUC19 based-
plasmid containing the S. cerevisiae ADE2
gene fragment. This plasmid was designed as
pCHNaPi0. The five tandem copies of 36 bp
double-stranded oligonucleotide, which origi-
nates from the sequences corresponding to the
nucleotide positions from 1010 to 985 in
human NPT2 promoter, including the Pi re-
sponse element (PRE), were inserted into up-
stream of the CYC1 promoter on pCHNaPi0
as its UAS sequences [8].
have widespread regulatory effects on extracellular ma- merulonephritis is through suppression of TGF- expres-
sion and prevention of the induction of extracellulartrix, and has been implicated as a major cause of in-
creased extracellular matrix synthesis and buildup of matrix synthesis within the injured glomeruli [15]. It is
possible that TFE3 regulated the expression of TGF-pathological matrix within glomeruli in experimental
glomerulonephritis [15]. A mechanism of the rapid thera- in this model. Furthermore, in uremic animals, a low-Pi
diet prevents hyperparathyroidism, while a high-Pi dietpeutic effect of a low-protein diet on experimental glo-
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Fig. 4. Transfection analysis of TFE3L and TFE3S. (A) Schematic representation of TFE3L and TFE3S. Clones that encoded two isoforms of
mTFE3 were isolated. The mTFE3S mRNA encodes a polypeptide of 291 amino acids, whereas the mTFE3L mRNA encodes a polypeptide of 326
amino acids. Abbreviations are: AAD, acid-activation domain; HLH-LZip, a helix-loop-helix region and DNA binding region; pro-rich, prolin-rich
domain. (B) COS-7 cells expressing TFE3L or TFE3 S were cotransfected with the luciferase reporter gene constructed with the wild-type (p3P1170WT)
or the indicated mutation (p3P1170MT; the position and nucleotide in the mutation are identical to the MT-3) of the NPT2 gene promoter.
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